Bacteria rely on a range of extracellular metabolites to suppress competitors, gain access to resources, and exploit plant or animal hosts. The GacS/GacA two-component regulatory system positively controls the expression of many of these beneficial external products in pseudomonad bacteria. Natural populations often contain variants with defective Gac systems that do not produce most external products. These mutants benefit from a decreased metabolic load but do not appear to displace the wild type in nature. How could natural selection maintain the wild type in the presence of a mutant with enhanced growth? One hypothesis is that Gac mutants are "cheaters" that do not contribute to the public good, favored within groups but selected against between groups, as groups containing more mutants lose access to ecologically important external products. An alternative hypothesis is that Gac mutants have a mutualistic interaction with the wild type, so that each variant benefits by the presence of the other. In the biocontrol bacterium Pseudomonas chlororaphis strain 30-84, Gac mutants do not produce phenazines, which suppress competitor growth and are critical for biofilm formation. Here, we test the predictions of these alternative hypotheses by quantifying interactions between the wild type and the phenazine-and biofilm-deficient Gac mutant within growing biofilms. We find evidence that the wild type and Gac mutants interact mutualistically in the biofilm context, whereas a phenazine-defective structural mutant does not. Our results suggest that the persistence of alternative Gac phenotypes may be due to the stabilizing role of local mutualistic interactions.
In recent years, it has become clear that microbes are profoundly cooperative organisms (4, 29, 44, 45) . In particular, much recent work has focused on the production of beneficial extracellular secondary metabolites, apparently for the "public good." Such external products are often crucial to the success of microbial populations in natural, medical, agricultural, and industrial settings. The terms "cheater" and "defector" have been used to describe mutants that benefit from these external products but do not produce or underproduce their share (11, 12, 19, 21, 36) . Cheaters are evolutionarily significant because they illustrate a classic paradox in social evolution, whereby cheaters are favored over their cooperative counterparts within groups, yet altruists persist in the population (30, 46, 47) . This suggests a conflict of selection at alternate levels, with groups producing more external products outreproducing those that do not, potentially countering the within-group (local) advantage of cheating (29, 34) . Furthermore, in the case of strains that utilize external products in pathogenesis or biocontrol functions, cheaters may reduce virulence or competitive ability and thus have applied significance (6, 14, 19, 38) .
The GacS/GacA two-component system positively regulates the expression of many extracellular enzymes, secondary metabolites, and some carbon storage compounds as well as oxidative stress response and other functions that play roles in biological control or pathogenicity (hence the name gac, for global activator) (3, 7, 15) . The GacS/GacA regulatory system is highly conserved among Gram-negative bacteria, including many beneficial biological control and plant pathogenic bacteria. The GacS/GacA global regulatory system is prevalent among Pseudomonas species, and homologous systems have been identified in other genera, including Escherichia, Vibrio, Legionella, Erwinia, Azotobacter, and Salmonella (16) . Mechanistically, the GacS sensor kinase autophosphorylates and activates the GacA response regulator by phosphorylation in response to as yet unidentified signals or stimuli. Global regulation by GacS/GacA in many Pseudomonas species occurs via transcriptional activation of one to several genes for small noncoding RNAs (ncRNAs). These ncRNAs subsequently sequester RsmA and RsmE, small RNA-binding proteins, relieving translational repression by these regulatory proteins (reviewed in references 41 and 42) . GacS/GacA also negatively regulates a spectrum of traits by mechanisms largely unidentified. For example, Hassan et al. (15) showed that inactivation of GacS/GacA resulted in the altered expression of 10% of the genes in Pseudomonas fluorescens strain Pf-5. Phenotypic variants with mutations disrupting gacA or gacS have identical phenotypes: loss of production of many positively regulated external products (e.g., exoproteases, antibiotics, quorum-sensing signals, and exotoxins [15] ) as well as overproduction of some negatively regulated metabolites (e.g., siderophores [2, 35] ), although other cell-intrinsic traits (e.g., flagella) are also affected (15) .
Many Pseudomonas species identified for biological control exhibit phenotypic variation resulting from spontaneous mutation in gacS or gacA (reviewed in reference 41). These mutants are hypothesized to have a reduced metabolic load compared with the wild type (39, 41) , and consistent with this hypothesis, Gac mutants generally have a growth advantage compared with the wild type (41) . In nutrient-rich fermentation cultures, spontaneous Gac mutants often become the majority population (6) . This has been a cause for significant concern in the development of biological control because the occurrence of mutants in production cultures results in the loss of secondary metabolites essential for their biological control activity (2, 3, 6, 15) . Natural rhizosphere populations also frequently contain variants with defective Gac systems (3, 6, 39) . For these reasons, Jousset et al. (19) recently hypothesized that Gac mutants are cheaters, favored by within-group selection but selected against at the group level.
An alternative hypothesis is that Gac mutants are mutualistic or commensalistic in their interactions with the wild type in natural settings (2, 39, 41) . This view is contingent primarily on observations that while Gac mutants are frequently observed in nature, they do not appear to displace wild-type strains in natural environments. Better performance of wild-type populations in a mixture with mutants suggests that Gac mutants may interact mutualistically, rather than parasitically, with the wild type in the rhizosphere (2, 39) . Both parasitic and mutualistic hypotheses predict that Gac mutants benefit from some extracellular product(s) secreted by the wild type, but offer contrasting predictions about the impact of the Gac mutant on the wild type. The parasitic hypothesis suggests that betweengroup selection favors the wild type, so that Gac mutants impose fitness costs on neighbors. Specifically, groups containing greater frequencies of the wild type are more productive (higher fitness) than groups of their counterparts containing fewer wild-type individuals, despite local (within-group) selection favoring Gac mutants. In contrast, if Gac mutants are mutualists, mixed groups should have higher fitness than single-strain groups. Exploitation of external products-particularly when such products are central to survival-requires that the cheater and mutualist co-occur in relatively close proximity, because diffusion-mediated transfer of extracellular products imposes a physical barrier to long-distance interactions (10) . Thus, diffusion of metabolites defines the neighborhood within which parasitic or mutualistic interactions may occur.
For this study, we employed the biological control strain Pseudomonas chlororaphis 30-84. Strain 30-84 is an effective biological control of take-all disease of wheat caused by the fungal pathogen Gaeumannomyces graminis var. tritici and has become a useful system for studying biocontrol (32) . GacS/ GacA controls the production of a number of secondary metabolites shown to be important in biological activities, including orange-pigmented phenazines, hydrogen cyanide, gelatinase, lipase, and exoprotease. Phenazines are responsible for the majority of strain 30-84's ability to inhibit fungal pathogens (31, 40) , but they are also required for biofilm formation in this strain (22, 23) . In laboratory flow cell assays, phenazinedeficient mutants were unable to establish biofilms; however, biofilm formation was restored by supplying mutants with phenazines (24) .
In order to differentiate between the parasitic and mutualistic hypotheses, we observed and quantified the interactions between wild-type strain 30-84, 30-84GacA, a GacA mutant derivative, and 30-84ZN, a phenazine biosynthetic mutant, using differentially fluorescently labeled strains in growing biofilms. Because biofilm formation is central to the fitness of rhizosphere bacteria (27, 28) (whereas anticompetitor functionality may vary in importance across diverse environments), we focus on biofilm formation as a proxy for fitness effects.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains and plasmids used in this study are described in Table 1 . A spontaneous rifampin-resistant derivative of P. chlororaphis strain 30-84 was used in all studies (33) , and all mutants were derived from this parental strain. Strain 30-84ZN contains a phzB::lacZ genomic fusion (phzB is one of the five genes in a single operon necessary for phenazine biosynthesis) and produces no phenazines (Table 1 ). Strain 30-84GacA contains a gacA::Km r genomic fusion (Table 1) , completely inactivating gacA. Triparental conjugations into strain 30-84 or its derivates were performed as described previously (31) . All strains of P. chlororaphis were grown at 28°C in LB medium supplemented with 5 g of NaCl/liter or in AB minimal medium supplemented with 2% Casamino Acids (AB ϩ CAA) (22) . Escherichia coli strains were grown at 37°C in LB. Antibiotics were used where appropriate at the following concentrations: for E. coli, ampicillin at 100 g/ml, kanamycin sulfate (Km) at 50 g/ml, and chloramphenicol (Cm) at 30 g/ml; for P. chlororaphis, Km at 50 g/ml, Cm at 300 g/ml, and rifampin at 100 g/ml (22) .
Construction of fluorescent derivatives. To visualize P. chlororaphis strain 30-84 derivatives during biofilm development, we constructed plasmids pKI2CM-EGFP and pKI2CM-DsRed carrying either an enhanced variant of the Aequorea victoria green fluorescent protein (EGFP) or the Discosoma sp. red fluorescent protein (DsRed-Express), respectively. The expression of both is under the control of the lac promoter. The 974-bp PvuII-EcoRI fragment carrying the promoter plus EGFP and the 930-bp PvuII-EcoRI fragment carrying the promoter plus DsRed-Express were isolated from the commercial vectors pEGFP and pDsRed-Express (Clontech), respectively, gel purified, treated with Klenow fragment, and inserted into the BamHI site of pProbe-KIЈ (also Klenow fragment treated). pProbe-KIЈ contains the pVS1 and p15a replicons (25) and has been shown to be highly stable without selection for more than 30 generations in strain 30-84 (22) . A 4.3-kb EcoRI fragment carrying cat (Cm r ) was introduced into the EcoRI site of pProbe-KIЈ prior to the insertion of the fluorescent protein gene (Table 1) . Each plasmid was introduced into strain 30-84 or its derivatives via triparental conjugation.
Growth curves in liquid culture. Overnight cultures of strains 30-84red, 30-84GacAgreen, and 30-84ZNgreen were grown in 5 ml LB medium. Cultures were adjusted to an optical density at 620 nm (OD 620 ) of 0.4 using AB ϩ CAA, and 10 l of each dilute culture was added to 20 ml AB ϩ CAA. Each treatment was replicated three times. Three OD 620 values were taken per biological replicate, once every 1 to 3 h during the exponential phase of growth (between 10 h and 25 h). Additional measurements at 32 h and 35 h confirmed that the cultures had entered stationary phase. A logistic curve was fitted to these OD 620 time series data and then linearized via logistic transformation. Regression analysis was used to compare the observed data to those predicted by a logistic model. In all cases, the coefficient of determination (R 2 ) was 0.95 or greater. The intrinsic rate of growth and doubling time for each strain were estimated from the slope of the linearized function.
Flow cell experiments. Single-pass flow cell assays were used to visually compare biofilm formation by strain 30-84 and its derivatives as described previously (22), with slight modifications. Briefly, inocula were prepared from exponentialphase cultures grown in 5 ml LB. These cultures were centrifuged and washed with AB ϩ CAA and then diluted (OD 600 of 0.4) with AB ϩ CAA. For each treatment, a 300-l aliquot of dilute culture was inoculated into individual flow cell chambers (4 by 40 by 1 mm) of a three-chamber flow cell (Stovall Life Sciences, Inc., Greensboro, NC). To ensure sterile conditions, kanamycin (50 g/ml) was added to the medium. After inoculation, chambers were inverted and maintained under static conditions (no flow) for 1 h to allow cell attachment . Following this, the chamber was placed right side up, and a continuous flow of fresh medium (160 l/min) was initiated using a 12-channel Ismatec pump (Ismatec SA, Labortechnik-Analytik, Glattbrugg, Switzerland). Biofilms were visualized using a Nikon E800 confocal microscope equipped with argon and green HeNe lasers. Images were collected at 6, 12, and 24 h after inoculation and every 24 h thereafter for 5 days. Images were collected using Simple PCI software (Compix, Inc., Cranberry Township, PA). Each experiment was repeated at least twice.
Image analysis and calculation of biofilm characteristics. Three-dimensional images were assembled in ImageJ (1) Molin, and C. Sternberg, personal communication) was used to acquire biofilm data. Biovolume data were collected from between 8 and 10 independent stacks of images across two separate biofilms per sample in the cases of the 30-84red-plus-30-84green and 30-84red-plus-30-84GacAgreen biofilms presented here, while between 7 and 9 stacks were used in the case of 30-84red-plus-30-84ZNgreen biofilms. In treatments in which biofilms failed to establish, two or three stacks were analyzed per time point. Structural characteristics of biofilms were calculated from at least five independent stacks taken after 96 h for each treatment. Images were also collected of reciprocally labeled strains in mixed biofilms to confirm strain behavior. We used the normalized (mean removed) cross-covariance between the red and green channels in order to quantify the degree of clustering between oppositely labeled strains in wild-type-only and wild-type-plus-30-84GacA mixed biofilms. We obtained two-dimensional maximum brightness vertical projections for five independent stacks of images of the mature biofilm taken at h 96. We measured the average covariance, c, between a focal pixel, x, in the red channel and a pixel in the green channel within the same row at a distance, d, where 0 Յ d Յ 100 (ϳ 47 m). The covariance (Cov) is given by
where bars denote average values for an entire row y. This yields the mean covariance taken across all points n in a row, y, for the set of lag distances, d, from 0 to 100. The vector of average covariances at each lag distance, c d , is
This was repeated four times for each projection, with a 90°rotation in each case, ensuring no spatial biases due to sampling with respect to flow direction. Expected values were calculated on the basis of the biofilm biovolume of each strain inoculated alone and the proportion of the wild type and mutants in the original inoculum for each treatment after 96 h. Comparisons of observed biovolume in a 50:50 mixture to expected biovolume were used to assess whether individual strain fitness is enhanced or degraded in a mixture compared to their predicted biofilm development given a 50% lower introduction density. Biovolume values were calculated using at least five image stacks from a single biofilm for 30-84red-plus-30-84green and 30-84red-plus-30-84GacAgreen populations and three image stacks from a single biofilm for 30-84red-plus-30-84ZNgreen populations.
RESULTS
When grown in shaken liquid culture, 30-84GacA mutants entered the exponential growth phase earlier than both wildtype strain 30-84 and the phz structural mutant 30-84ZN (Fig.  1) , although doubling times were approximately 5 h for each strain. When these data were fit to a logistic growth model, 30-84GacA had a significantly (P Ͻ 0.05) higher intrinsic rate . Thus, the higher densities of 30-84GacA during exponential growth are due to the mutant strain entering exponential phase growth earlier than the wild type. Both strains 30-84ZN and 30-84GacA, which were deficient in phenazine production, were unable to form single-strain biofilms (Fig. 2B and D, respectively) . However, both mutants became established in biofilms when grown in a mixture with strain 30-84 ( Fig. 2B and D) . The biovolume of the wild type was significantly reduced when grown with the phenazine structural mutant 30-84ZN ( Fig. 2A) . In contrast, strain 30-84 experienced a significant benefit when grown with 30-84GacA (Fig. 2C) . The replacement series analysis further supports the observation that strain 30-84 grew to lower and higher biovolumes with 30-84ZN and 30-84GacA, respectively, than would be expected based on initial frequencies in the inocula (Fig. 3A and B, respectively). These data indicate that 30-84GacA provided a net growth benefit to strain 30-84, whereas 30-84ZN imposed a net cost. Chimeric biofilms comprised of strains 30-84 and 30-84GacA developed more extensively (Fig. 4C and 5B) than 30-84-only biofilms ( Fig. 4A and 5A) . After 96 h, mixed biofilms containing 30-84 and 30-84GacA developed significantly more total biovolume, were thicker, and had approximately twice as many microcolonies as the wild-type biofilms (Table 2 , Fig. 4A and C, and Fig. 5 ). In contrast, mixed populations containing 30-84 and the phz structural mutant 30-84ZNgreen formed biofilms that lacked well-developed multicellular structures (Fig. 4B) . This is reflected in the extremely low mean diffusion distance of biofilms containing phz mutants (Table 2) . These biofilms also were characterized by a relatively low occurrence of 30-84red (Fig. 4B) .
Wild-type strain 30-84 clustered significantly more with the GacA mutants than with itself (Fig. 6 ). The spatial cross-covariance between red and green biovolume, c, and distance from focal pixel, d, followed a negative exponential relationship of the form c d ϭ a bd , where a and b are parameters (Fig. 6A) . The decay rate parameter, b, was not significantly different between the two treatments, but the base parameter, a, was significantly greater in biofilms containing 30-84 and 30-84GacA than those containing only the wild type at the 99% confidence level (0.163 Ϯ 0.015 and 0.103 Ϯ 0.015, respectively). These data indicated that co-occurrence is higher over short distances (0 to 5 m) and decays rapidly thereafter. Furthermore, the average c d within 10 m was significantly higher in mixed biofilms containing 30-84 and 30-84GacA than single-strain biofilms containing 30-84 (Fig. 6B) . These relationships are reflected in representative comparisons between three-dimensional images of wild-type-only biofilms (Fig. 6C) and biofilms containing strains 30-84 and 30-84GacA (Fig. 6D) . Overall, these data show that local spatial clustering between the wild type and 30-84GacA was significantly higher than that of the wild type with itself.
DISCUSSION
Do Gac mutants behave as "cheaters" or social parasites in mixed populations with the wild type, or do they behave as beneficial mutualists, having a positive effect on the wild type? As expected, both 30-84ZN and 30-84GacA were unable to form single-strain biofilms in the absence of wild-type 30-84 ( Fig. 2A and B) . However, our results clearly showed that both phenazine-deficient mutants benefited significantly from the presence of the wild type, presumably due to the production of phenazines produced by neighboring wild-type cells (Fig. 2B  and D) . Previous work demonstrated that phenazines are required for biofilm formation by strain 30-84 in flow cell assays (23). Furthermore, addition of exogenous phenazines restored biofilm formation capabilities to 30-84ZN in flow cell assays (24) . The fact that both the wild type and mutants were able to utilize phenazines and/or other secondary metabolites or cellular components produced by wild-type strain 30-84 and become established in mixed biofilms suggests that a diffusible external product is being shared between wild-type and mutant participants. However, this fact alone does not differentiate between the competing views of the Gac mutant as a "cheater" or a beneficial mutualist, because a positive effect of 30-84 on GacA is a prediction of both hypotheses. The data presented here indicated that wild-type strain 30-84 also benefited from the presence of 30-84GacA; notably the biovolume of the similarly labeled wild type was higher in mixed biofilms than in single-strain biofilms (Fig. 2D) . The replacement series further demonstrated that the biovolume of the wild type in the mixed biofilm was higher than would be predicted based on the inoculum density (Fig. 3A) . Mixed biofilms containing both Gac phenotypes also were significantly larger than wild-type biofilms, suggesting a net benefit to phenotypic variation for strain (Fig. 3A) . In contrast, 30-84ZN competitively displaced 30-84 in mixed biofilms, suggesting a potential explanation for why Gac mutants are frequently found in nature, whereas phenazine biosynthesis mutants fail to be recovered. Our results confirm previous observations of better survival of wild-type 30-84 populations in mixtures with Gac mutants in the natural rhizosphere (3) . Although the biofilm experiments were not intended to determine the specific mechanism by which the wild type benefits from the GacA mutant, these results suggest that enhanced biofilm development by mixed populations may be one factor contributing to the success of mixed populations in the rhizosphere.
The idea that phenotypic variation may be beneficial to rhizosphere populations is somewhat surprising given that Gac mutants have been traditionally viewed as having a negative global effect on secondary metabolite production. However, it has been recognized previously that Gac also positively regulates certain phenotypes, including siderophore production, motility, and exopolysaccharide production, providing 30-84 Gac mutants with their characteristic hyperfluorescent, large colony appearance on solid media (3) . Recently, transcriptome analysis comparing the wild type and a gacA mutant of P. fluorescens PF-5 using microarrays demonstrated that approximately 10% of the genome is under positive regulation by Gac, including specific genes involved in iron uptake (siderophore), motility, and stress response (15) . Preliminary experiments designed to identify secondary metabolites or other potentially beneficial substances using cell-free supernatants have failed to identify a diffusible product produced by 30-84 GacA mutants that contributes to enhanced biofilm formation by the wild type (data not shown). This is not unexpected as cellular traits that contribute to motility (flagella, pili, and exopolysaccharides), nutrient uptake, or stress response may also contribute to cell attachment and biofilm development. Future work will be directed toward the identification of genes and phenotypes of GacS/GacA variants that contribute to improved species fitness.
Overall, our data do not support the role of GacA mutants as cheaters in mixed biofilms. On the contrary, we show that the presence of 30-84GacA stimulates 30-84 growth in mixed biofilms (i.e., at intermediate frequencies). All of our experiments were performed under sterile conditions in order to isolate and test the most basic prediction of the cheater hypothesis-freed from competitive or predatory (betweengroup selective) pressures, GacA mutants will increase in frequency at a net cost to the wild type. Such a cost was observed only in the case of the phenazine structural mutant, 30-84ZN, supporting the hypothesis that the presence of Gac mutants provides some benefits to the wild-type strain. In nature, competitive and predatory pressures are expected to place a cap on Gac fitness (3, 19) , but this alone does not qualify Gac mutants as cheaters. It is likely that the interaction between Gac mutants and the wild-type strain is dynamic and is thus expected to be different across species and environments. However, we note that the idea of Gac mutants as individually selected cheaters is also problematic in light of the presence of mechanisms that apparently ensure the presence of Gac mutants, even in clonal groups (e.g., programmed phase variation such as slipped-strand mispairing, genomic rearrangements, and differential methylation and unprogrammed phase variation via mutation [see reference 42 for a full review of these mechanisms]). This runs counter to the theoretical prediction that cooperative traits should evolve novel mechanisms (e.g., pleiotropy) to ensure that efficient cheaters do not easily arise through mutation (9, 43) . Although much remains to be understood about the interactions between Gac mutants and the wild type under various ecological conditions, we have demonstrated that interactions between the wild type and a GacA mutant in single-species flow cell biofilms are mutually beneficial.
Another interpretation of the role of alternative phenotypes in biofilms is possible when loss-of-function modifications are reversible. Recently, van den Broek et al. (41) proposed that reversible switching between functional and nonfunctional Gac phenotypes may be a conserved strategy among rhizosphere pseudomonads. By encoding both phenotypes, a single genotype can capitalize on the strengths of each strategy. Phase variation in the Gac system may simultaneously confer superior competitive or host-exploitative abilities while allowing for efficient exploitation of hard-won habitat by a fastgrowing variant. Mechanisms to generate frequent switching between these phenotypes are crucial to this hypothesis. Although such reversible modification has been shown only for two strains within the genus Pseudomonas (13, 42) , the possibility of reversible modifications to gac in other pseudomonads clearly warrants further study. However, in current and previous work with P. chlororaphis strain 30-84, spontaneous reversions to the Gac ϩ phenotype have not been observed (2). Our results underscore the importance of environmental context in governing bacterial ecology and evolution. The physical environment may greatly influence the spatial distribution of beneficial metabolites, thus profoundly altering the selective pressures within a population. For this reason, future investigations of external products in bacteria should take into account the biofilm context in which these traits naturally occur or risk overestimating the degree of sharing-and thus, the potential for cheating (5) . This point parallels recent developments in the study of quorum-sensing signals. In natural settings, quorum-sensing signals may reach very high local con-VOL. 77, 2011 Gac REGULATORY MUTANTS ARE MUTUALISTS IN BIOFILMS 7233 centrations in even sparse populations when diffusion is restricted (7, 10, 17, 37, 48) . Studies of quorum sensing conducted with liquid cultures tend to overestimate the relative importance of population size, because local increases in signal concentration are prevented. Indeed, as few as two cells have been observed to constitute a "quorum" where diffusion is limited (7) . Similarly, we have found evidence for heightened co-occurrence of wild-type and gac mutant phenotypes over relatively small (Ͻ10 m) distances, suggesting that phenazines may be restricted to the immediate neighborhood of producers. In natural rhizosphere settings, in which populations occupy microsites that may be more limited in diffusion than flow cells, beneficial metabolites such as phenazines may accumulate to higher levels and thus increase the neighborhood size over which interactions between alternative phenotypes occur. Understanding the role of multilevel selection in maintaining or undermining biofilm-associated traits in nature will help in evaluating competing views of biofilms as collectives of selfish individuals (20) or incipient multicellular organisms (26, 44) . An important first step is to properly appreciate how experimental conditions affect parameters of central importance to social evolution models, such as neighborhood size and population structure. This will, in turn, permit a more accurate understanding of the selective forces shaping bacterial traits involved in biocontrol or pathogenesis and how these forces may be sensitive to environmental conditions.
Conclusions. The nature of the interaction between coexisting phenotypic variants with alterations to the Gac and orthologous regulatory systems depends strongly on ecological context. Although it has been observed that Gac mutants displace the wild type in nutrient-rich liquid competition (6) and incur group-level costs under some realistic natural conditions (19), we have found evidence for a mutualism between these alternative phenotypes in laboratory biofilms. Such an interpretation appears more consistent with the high rates of alteration to the GacS/GacA system and orthologous systems observed in nature (41, 42) , as evolution at higher levels (e.g., the clone level) is expected to disrupt the efficient emergence of cheaters (9, 43) .
